Gain-of-function mutation in TRPV4 identified in patients with osteonecrosis of the femoral
head
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SUPPLEMENTARY METHODS
Subjects and samples
Dermal fibroblasts were obtained from the proband and a healthy 23-year-old female control; both
proband and control fibroblasts were immortalized [1].
Exome sequencing
Whole exome sequencing was performed according to standard procedures at the McGill
University and Genome Quebec Innovation Center, Montreal, Canada [2 3]. In brief, 3 µg of
genomic DNA from the proband was used for library preparation, which included shearing and
ligation of sequencing adaptors. Target enrichment of the samples was performed with the
SureSelect Human Exome Kit V.4 (Agilent Technologies). Enriched DNA was sequenced on an
Illumina Hiseq 2000 sequencer and paired-end sequencing reads (100 base pair) were generated
for each sample. The bioinformatic analysis of exome sequencing was carried out as previously
described [2 3]. Mapping of high quality trimmed reads against the human reference genome
(GRCh36/hg19) was performed with Burrows-Wheeler Alignment (BWA) [4] (V.0.5.9) followed
by indel realignment using GATK IndelRealigner [5]. A mean read depth of coding bases defined
by consensus coding sequence (CCDS) was 74.50. For each sample, the position of single
nucleotide variants (SNVs) and short insertions and deletions (indels) were determined using
Samtools (V.0.1.17) [6] mpileup and were then quality filtered. ANNOVAR was used to annotate
the list of identified variants for the type of mutations, presence in dbSNP135, minor allele
frequency in the 1000 Genomes database (http://www.1000genomes.org/home), the conservation
score based on sorts intolerant from tolerant (SIFT) [7], PolyPhen-2 [8], and MutationTaster [9].
Variants with a minor allele frequency of >5% in the 1000 Genomes or NHLBI exomes database,
or those with >5% minor allele frequency in the exome database containing ∼1000 previously

sequenced samples at the McGill University and Genome Quebec Innovation Centre were
discarded in order to remove common polymorphism and sequencing artefacts. Variants in
candidate genes in the proband and family members were confirmed by Sanger sequencing.
RNA extraction and quantitative RT-PCR
Total RNA was extracted from near-confluent cells using TRIzol® LS Reagent and transferred to
a Purelink Mini Spin Column and processed according to manufacturer instructions (Life
Technologies). RNA integrity was verified on a Bioanalyzer (Agilent) using a Nano RN A chip
(Agilent). Total RNA was treated with DNase and reverse transcribed using the Maxima First
Strand cDNA synthesis kit with ds DNase (Thermo Scientific). Probe based gene expression
assays were designed with the Universal Probe Library (Roche) to detect TRPV4 (UPL probe 41,
ccgattcctgctcgtctact / cgggttcaggagggagac), GAPDH (UPL probe 60, agccacatcgctcagacac /
gcccaatacgaccaaatcc) and PPIA (UPL probe 48, cctaaagcatacgggtcctg / cctaaagcatacgggtcctg).
QPCR reactions were performed using Taqman Advanced Fast Universal PCR Master Mix
(Thermo Fisher) on a Viia7 instrument (Life Technologies). Relative expression (RQ = 2 -CT)
was calculated using the Expression Suite software (Thermo Fisher), and normalization using both
GAPDH and PPIA.
Sanger sequencing of cDNA
RNA from proband and control fibroblasts was isolated in TRI Reagent (Sigma) and then treated
with DNaseI prior to reverse transcription with Superscript III Reverse Transcriptase (Sigma).
cDNA was PCR amplified at the region of interest using Iproof High-Fidelity DNA Polymerase
(Bio-Rad) and subject to agarose gel extraction purification (Qiagen) prior to Sanger sequencing
(McGill University and Genome Quebec Innovation Center, Montreal, Canada).

Expression of TRPV4-WT and TRPV4-V829WfsX3 in HEK293 cells
cDNA sequences encoding wild type and mutant TRPV4, incorporating a C-terminal FLAG, were
ordered as 3 gBlocks gene fragments (IDT DNA), assembled using Gibson Assembly Master Mix
(NEB) and PCR amplified using IProof High-Fidelity DNA polymerase (Bio-Rad). Assembled
cDNA was cloned into pDONR221 Gateway entry vector using Gateway BP Clonase II enzyme
mix and then cloned into pBabe Gateway destination vector using Gateway LR clonase II enzyme
mix (Life Technologies). After PCR and each Gateway clonase reaction, cDNA sequence fidelity
was verified by Sanger Sequencing. Retroviral constructs were transiently transfected into a
Phoenix packaging cell line using the HBS/Ca 3(PO4) method [10]. HEK293 cells were infected
48 h later by exposure to viral media in the presence of 4 mg/ml polybrene for 24 h followed by
growth in selective media (1 ug/ml puromycin) for 2–4 weeks.
Immunodetection and deglycosylation of TRPV4
Cells were grown to confluence on cell culture dishes and harvested in modified RIPA buffer.
Supernatant from the pelleted solution was diluted to 1x in 2x sample loading buffer (Bio-Rad)
supplemented with β-mercaptoethanol (Sigma) and resolved by SDS-PAGE on a 4-15% TGX precast gel (Bio-Rad). Semi-dry transfer (Bio-Rad) was used to transfer proteins to a 0.45 µm
Immobilon PVDF membrane (Millipore). Membranes were incubated in blocking solution (2%
BSA in TBST) for 2 hours at room temperature followed by overnight at 4°C in monoclonal mouse
anti-FLAG antibody (Sigma, F3165), diluted 1:10 000 in blocking solution, or monoclonal mouse
anti-α-Tubulin antibody (Sigma, T6199), diluted 1:10 000 in blocking solution. Next, membranes
were incubated for 1 hour at room temperature in goat anti-mouse IgG-HRP secondary antibody
conjugate (Bio-Rad), diluted 1:7500 in blocking solution. Membranes were washed 3x 5 min in
TBST after blocking and each incubation step. Immunoreactive proteins were visualized with

Immobilon Western Chemilusminescent HRP substrate (Millipore) on an ImageQuant LAS 4000
biomolecular imager (GE healthcare). Detected bands were verified against a FLAG-tagged wild
type TRPV4 overexpression cell lysate (Novus Biologicals). Quantitation of detected bands was
carried out using Image Studio Lite (LI-COR). Deglycosylation was carried out by addition of 1
ul PNGaseF (New England Biolabs, 2.5 U/ml) to 67 µg whole-cell lysate in 0.75% NP-40 for 2
hours at 37°C in a 25 µl reaction volume after following the manufacturer’s denaturation protocol.
Deglycosylated protein was visualized by Western blot against an untreated whole-cell lysate.
Ca2+ imaging and analysis
TRPV4 Ca2+ sparklets in HEK293 cells and fibroblasts were imaged at 30 frames/s with a
Revolution Andor confocal system (Andor Technology, Belfast, UK) composed of an upright
Nikon microscope with a 60× water-dipping objective (numerical aperture 1.0) and an electronmultiplying CCD camera, as described previously [11 12]. The cells were loaded with Fluo-4AM
(10 µM) for 30 minutes at 30°C in the presence of pluronic acid (2.5 mg/ml) and then perfused
with HEPES physiological salt solution. Bound Ca2+-associated changes in emission were detected
by exciting at 488 nm with a solid-state laser and collecting emitted fluorescence using a 527.5/49nm band-pass filter, with a center wavelength of 527.5 nm and a guaranteed minimum bandwidth
of 49 nm. All measurements were performed at room temperature. TRPV4 Ca 2+ sparklets were
analyzed within a ROI defined by a 1.7-µm2 box (5 × 5 pixels) positioned at a point corresponding
to peak TRPV4 Ca2+ sparklet amplitude. CPA (30 µM, 10 min) was included to eliminate IP3Rmediated Ca2+ signaling. The sparklet activity was recorded in the presence of CPA (baseline), or
after addition of the TRPV4 agonist (GSK101) or antagonist (HC067047). Images were analyzed
using custom-designed software (A. Bonev University of Vermont, USA). Displayed F/F0 traces
were filtered using a Gaussian filter with a cutoff corner frequency of 2.56 Hz. The TRPV4 channel

activity at a sparklet site was determined as NPO (N, number of channels; PO, observed open
probability) as described previously [12]. The sparklet activity per field was determined by adding
the NPO per site for all the sites in a field over the recoding duration and expressed as NP O per
field.
Construction of all-points histograms
All-points histograms were constructed as described previously[11]. The images were filtered with
Kalman filter (adopted from an ImageJ plug-in written by Christopher Philip Mauer, Northwestern
University, Chicago, IL; acquisition noise variance estimate = 0.05; filter gain = 0.8). Analysis
was based on data pooled from 5 fields each for transduced HEK293 cells and fibroblasts. F/F 0
traces were then exported to ClampFit 10.3 to evaluate whether the TRPV4-mediated Ca2+ events
conformed to a quantal distribution. TRPV4 openings from several sites were combined to
generate all-points histograms. The all-points histograms had multiple, clearly separated peaks that
could
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Calculation of burst open times
All the F/F0 traces were filtered using a Gaussian filter and a cutoff corner frequency of 2.0 Hz in
Clampfit. Using quantal amplitudes determined from the all-points histograms (0.28 F/F0) and
Single Channel Search module of Clampfit, the open times for all channel bursts were determined
for each trace. The burst times for each level were averaged for each trace to determine the burst
open times for that trace. The mean burst open times for each group were determined by averaging
the burst open times for each level for all the traces in that group.

SUPPLEMENTARY NOTE
Clinical information
Clinical evaluation excludes TRPV4-associated skeletal dysplasias
Physical Examination:
Patients III-5 and III-6 had a complete physical examination performed by a medical geneticist
with experience in skeletal dysplasias.
Findings: Appropriate body proportions. Normocephalic. Deeply set eye and low set ears
bilaterally. No cataract on funduscopic examination. No brachycephaly, prominent forehead,
midfacial hypoplasia or thin hair. Palate intact with normal configuration. Chest: normal
configuration with no pectus carinatum; no murmur or gallop; regular rhythm. Back: mild
scoliosis; no kyphosis. Extremities: no joint contractures or deformities and no brachydactyly.
Short 4th metacarpals bilaterally.
The heights of all four affected family members are similar to unaffected family members;
deceased father (II-1) was 168 cm; deceased mother (II-2) was 150 cm; III-1 (affected) is 158
cm; III-2 (unaffected) is 155cm; III-3 (affected) is 168 cm; III-4 (unaffected) is 172cm; III-5
(affected) is 151 cm, and III-6 (affected) is 150 cm. There is no evidence of dwarfism or short
stature as found in skeletal dysplasias.
Radiographic Skeletal Surveys:
Total body radiographic skeletal surveys were undertaken on affected family members III-5 and
III-6, shown for III-5 in Figures A-F, below. The surveys exclude radiographic skeletal
abnormalities in the axial or appendicular skeleton suggestive of skeletal dysplasia as described
[13-15] and clearly differentiate the finding of osteonecrosis of the femoral head clinically and

radiographically from TRPV4-associated skeletal dysplasias (Table A). These 2 affected family
members had radiographic evidence of thoracolumbar scoliosis compatible with Benign
Idiopathic King type 1. Their scoliosis is physiologically corrected, explaining the absence of
clinical symptoms. Platyspondyly (or flattening and/or decreased vertebral body height),
irregularity of end-plates, abnormal vertebral hooking or beaking, were not seen. Only a small
loss of disc height was noted at C6/7 for proband (III-6), compatible with degenerative changes.
In brachyolmia, the mildest of the TRPV4-associated skeletal dysplasias, there is clinical
shortening of the spine and radiographic evidence of spinal pathology (platyspondyly, narrowing
of intervertebral spaces). There may be mild brachydactyly from birth and delayed carpal
ossification. None of these findings were seen in affected family members. SMDK and
metatropic dysplasia are more severe than brachyolmia. They are severe generalized skeletal
dysplasias affecting all parts of the skeleton and resulting in severe disproportionate short stature.
In SMDK the hands may show delayed carpal ossification but this is not always apparent. None
of these features were seen in affected family members.
Partial radiographic skeletal surveys were undertaken on affected family members III-1 and III3, and unaffected family member III-4, also excluding radiographic axial or appendicular skeletal
dysplasias and showing no radiographic evidence of scoliosis.

Figure A. Radiograph of cranium of affected sibling III-5. Lateral view of the cranium
showing normal bone texture and cortex with no deformity.

Figure B. Radiograph of spine of affected sibling III-5. Lateral view of the lumbo-sacral spine
showing normal vertebrae with no evidence of platyspondyly, hooking, beaking or posterior
hump-shaped vertebrae.

Figure C. Radiograph of spine of affected sibling III-5. Antero-posterior view of the
thoracolumbar spine showing normal vertebrae, lumbar scoliosis convex to the left and a more
shallow thoracic scoliosis convex to the right, compatible with Benign Idiopathic Scoliosis, King
type 1.

Figure D. Radiograph of left hand of affected sibling III-5. Postero-anterior view of left hand
showing normal bone with no focal lesion or deformities.

Figure E. Radiograph of right foot of affected sibling III-5. Antero-posterior view of right
foot showing normal bone with no focal lesion or deformities.

Figure F. Radiograph of right hip and femur of affected sibling III-5. Antero-posterior view
of right femur showing osteonecrosis of the femoral head with collapse and secondary
degenerative arthritis. There is no indication of curved or hooked joints, bowing of long bones,
diffuse osteoporosis or genu valgum.

Table A. TRPV4-mediated skeletal diseases [16].
Clinical characteristics
Autosomal dominant brachyolmia type 3 (BO3, OMIM 113500)
 Short trunk and short stature
 Platyspondyly (flattening of the vertebrae throughout axial skeleton)
 Kyphoscoliosis
 Slightly short limbs
Spondylo-epimetaphyseal dysplasia Maroteaux pseudo-Morquio type 2 (SEDMPM2, OMIM 184095)
 Short trunk and short stature
 Kyphoscoliosis
 Brachydactyly (shortening of fingers and toes)
 Short femoral necks with dysplastic epiphyses
 Genu valgum (knock knees)
 Osteoporosis
Spondylometaphyseal dysplasia Kozlowski type (SMDK, OMIM 184252)
 Extremely short stature due to shortening of both trunk and femur
 Severe scoliosis
 Mild brachydactyly
 Metaphyseal abnormalities in the pelvis
 Premature degenerative joint disease
Parastemmatic dysplasia (PD, OMIM 168400)
 Severe distortion and twisting of the limbs
 Extreme dwarfism
 Progressive kyphoscoliosis
 Distortion and bowing of the extremities
 Contractures of the large joints
Metatropic dysplasia (MD, OMIM 156530)
 Short limbs compared to their trunk
 Severe platyspondyly
 Severe metaphyseal enlargement and shortening of long bones
 Kyphoscoliosis
Familial digital arthropathy brachydactyly (FDAB, OMIM 606835)
 Irregularities in the finger joints of hands and feet
 Deformation of interphalangeal , metacarpophalangeal and
metatarsophalangeal joints
 Deforming and painful osteoarthitis
 Other parts of the skeleton are unaffected

Clinical evaluation excludes TRPV4-associated neuropathies
A complete neurological examination of affected family members III-5 and III-6 was performed
by a neurologist with expertise in polyneuropathy, including nerve conduction studies.
Evidence of neurological symptoms or signs suggestive of polyneuropathy including TRPV4 associated neuropathies (Table B) were absent. Peripheral neuropathy such as numbness,
sensation change (temperature, texture), reflex changes, peripheral muscle wasting or muscle
weakness were absent. Cool and vibration sensations were normal in the toes and fingers
bilaterally. Minimal bilateral median neuropathy at the wrist was noted for the proband (III-6),
compatible with carpal tunnel syndrome, a disorder very common in the general population. The
neurologist who performed the nerve conduction studies concluded that it was unlikely to be
related to her genetic disorder. Results of the EMG studies are provided below (Tables C and D).

Table B. TRPV4-mediated neuropathies [16].
Clinical findings
Congenital distal spinal motor neuropathy (OMIM
600175)
 Muscle weakness, muscle atrophy, and areflexia
in the lower part of the body
 Talipes Equinovarus (clubfoot)
 Flexion contractures of the knees and hips
 No sensory deficits
Scapuloperoneal spinal muscular atrophy (OMIM
181405)
 Reduction of muscles in the peroneus and
scapular (shoulder blade) muscles, with typical
appearance of shoulder winging
 Vocal cord paresis
 Breathing difficulties
 Hoarse voice
 Progressive distal weakness
 Mild sensory deficits
Charcot-Marie-Tooth disease type 2 C (OMIM
606071)
 Progressive muscle weakness and atrophy in
particular of the distal muscles combined with a
loss of touch sensation
 Bilateral sensorineural hearing loss
 Bladder urgency and incontinence
 Vocal cord paresis

Table C. EMG studies of proband (III-6).
Motor Summary Table
Site
NR O-P Amp (mV)
Onset (ms)
Vel (m/s)
Dist (cm)
Left Median Motor (APB)
Wrist
7.2
4.2
58
21.5
Elbow
6.2
7.9
Right Median Motor (APB)
Wrist
7.7
4.5
57
24.5
Elbow
7.5
8.8
Right Peroneal Motor (EDB)
Ankle
5.3
3.1
52
35.0
Popit
4.6
9.8
Right Tibial Motor (AHB)
Ankle
14.0
3.6
54
37.0
Popit
9.2
10.5
Right Ulnar Motor (ADM)
Wrist
9.1
2.5
55
25.5
A
7.5
7.1
Elbow
Anti Sensory Summary Table
Site
NR
O-P Amp
Onset (ms)
Peak (ms) Vel (m/s) Dist (cm)
Right Median Anti Sensory (2 nd Digit)
Wrist
15.8
3.4
4.3
13.0
Elbow
11.2
7.5
8.5
59
24.0
Left Sup Peron Anti Sensory (Ant Lat Mall)
14 cm
NR
14.0
Right Sup Peron Anti Sensory (Ant Lat Mall)
14 cm
NR
14.0
Right Sural Anti Sensory (Lat Mall)
Calf
17.3
2.4
3.1
14.0
Site 2
19.7
2.5
3.1
th
Right Ulnar Anti Sensory (5 Digit)
Wrist
27.6
2.5
3.0
11.0
A
13.9
6.4
7.1
68
26.5
Elbow
Comparison Summary Table
Site
NR
O-P Amp
Peak (ms)
V)
Left Median/ UIlnar Palm(Comparison
(Wrist – 8cm)
Median
22.6
2.7
Palm Palm
Ulnar
8.5
2.0
Left Median/ UIlnar Palm Comparison (Wrist – 8cm)
Median Palm
18.1
3.2
Ulnar Palm
13.2
2.0

Table D. EMG studies of affected sibling (III-5).

Motor Summary Table
Site
NR O-P Amp (mV)
Onset (ms)
Vel (m/s)
Dist (cm)
Left Median Motor (APB)
Wrist
6.6
3.8
59
22.0
Elbow
5.6
7.5
Right Median Motor (APB)
Wrist
11.8
2.8
69
22.0
Elbow
9.4
6.0
Right Peroneal Motor (EDB)
Ankle
7.6
3.4
59
38.0
Popit
6.6
9.8
Right Tibial Motor (AHB)
Ankle
10.3
3.2
58
36.0
Popit
6.7
9.4
Right Ulnar Motor (ADM)
Wrist
12.4
2.4
78
28.0
A
10.2
6.0
Elbow
Anti Sensory Summary Table
Site
NR
O-P Amp
Onset (ms)
Peak (ms) Vel (m/s) Dist (cm)
Left Median Anti Sensory (2 nd Digit)
Wrist
39.7
3.1
3.6
13.0
Elbow
11.0
6.5
7.3
65
22.0
Right Sup Peron Anti Sensory (Ant Lat Mall)
14 cm
19.9
2.0
2.6
14.0
Site 2
17.9
2.0
2.6
Right Sural Anti Sensory (Lat Mall)
Calf
16.2
2.2
2.6
14.0
Site 2
16.6
2.2
2.6
Left Ulnar Anti Sensory (5 th Digit)
Wrist
36.8
2.2
2.7
11.0
A
16.7
6.2
6.8
70
28.0
Elbow
Comparison Summary Table
Site
NR
O-P Amp
Peak (ms)
Left Median/ UIlnar Palm Comparison (Wrist – 8cm)
Median
48.8
2.3
Palm Palm
Ulnar
15.1
2.0
Left Median/ UIlnar Palm Comparison (Wrist – 8cm)
Median Palm
43.6
1.8
Ulnar Palm
13.6
2.0

Clinical diagnosis of osteonecrosis of the femoral head
Bilateral Osteonecrosis of the Femoral Head in association with a TRPV4 mutation is a
distinct skeletal phenotype
Three independent bone radiologists provided expertise in the evaluation of the radiographs and
MRIs of all affected family members. Three independent orthopaedic surgeons performed a
clinical evaluation of 2 affected family members and provided radiographic / MRI evaluation of
all affected family members.
The clinical presentation of the four affected family members is consistent with bilateral
osteonecrosis of the femoral head. This is the only common clinical feature found in all affected
family members harboring the novel TRPV4 mutation. The mutation is absent in the unaffected
sibling showing normal hips bilaterally. All affected family members have bilateral patchy
sclerosis and/or cystic changes with collapse of their femoral heads. The hips were staged for
osteonecrosis as per Steinberg’s classification (Table E).

Table E. Steinberg Classification: A quantitative system for staging osteonecrosis of the
femoral head [17]
Stage
I

Description
 Normal radiograph
 Diagnosis following MRI, bone scan or histology


II







III




VI

Wedge shaped ↑ density
Mottled osteoporosis
Subchondral lucent line (Crescent sign)
Head no longer spherical "out of round"
Usually affects antero-lateral area of femoral head (best seen on
lateral view)



Flattening of the femoral head
o On AP or lateral XRAYS
o Now irreversible changes
o Symptomatic treatment until arthroplasty




joint narrowing with or without
acetabular involvement



advanced degenerative changes

IV

V

Radiographic changes of repair (osteoporosis / sclerosis)
No osteochondral fracture
Head spherical

Steinberg Classification of Affected Family Members
III-1 Stage V left hip and Stage VI right hip determined from radiograph of the pelvis (Figure
G, below). Pain directly in the hips started at approximately 30 years of age. Diagnosed with
bilateral osteonecrosis of the hip at age 46.
III-3 Stage V bilaterally determined from radiograph of the pelvis (Figure H, below). First
sign of hip pain at approximately 30 years of age. Diagnosed with bilateral osteonecrosis of the
hips at age 44.
III-5 Stage V of left hip and Stage IV of right hip on radiographs. Stage V of the left hip and
Stage IV of right hip on MRIs (Figure 1, manuscript). She started to have pain at approximately
30 years of age and was diagnosed with bilateral hip osteonecrosis at age 38. She has
subsequently progressed to stage V-VI bilaterally and recently underwent bilateral total hip
arthroplasty.
III-6 On X-ray radiograph, Stage IV disease of left hip and Stage III on right. On MRI, she
has Stage IV disease of both hips (Figure 1, manuscript). Hip pain started at the age of 20 with

limping. She was diagnosed at the age of 21 with bilateral osteonecrosis of the hips. She has
undergone right hip core decompression and bone grafting (a common procedure for
osteonecrosis) at the age of 28.

Figure G. Radiograph of the pelvis of affected sibling III-1. Antero-posterior view of the
pelvis showing cystic formations and patchy sclerosis with some subchondral collapse of both
femoral heads consistent with the presence of bilateral osteonecrosis. There is narrowing of the
more severe joint on the right with osteophytes and acetabular involvement related to secondary
osteoarthritic changes as seen in stage VI.

Figure H. Radiograph of the pelvis of affected sibling III-3. Antero-posterior view of the
pelvis showing cystic formations and patchy sclerosis with moderate subchondral collapse of
femoral head on left side consistent with the presence of osteonecrosis. Similar changes are seen
in the right hip of lesser degree. There is narrowing of the joint particularly on the right side with
moderate degenerative changes bilaterally more severe on the left side with osteophytes likely
related to secondary osteoarthritic changes as seen in stage V.
Asymptomatic family members
III-2 : Did not participate. No known symptoms.
III-4 : No known symptoms. Radiographs show normal hips (supplementary figure S1). Wildtype for the TRPV4 mutation.

SUPPLEMENTARY FIGURES
Supplementary Figure S1. Radiographs of asymptomatic sibling (III-4). Radiographs of the
pelvis (upper) and the left (middle) and right (bottom) femoral heads show normal, disease-free
radiographs.

Supplementary Figure S2. Verification of heterozygous TRPV4 mutation in affected family
members and sporadic osteonecrosis cohort. TRPV4 (CCCC/-) Taqman Genotyping Assay
using two different chromophore-labeled probes (VIC and FAM) identifying wild type and
mutant TRPV4. All 4 family members affected with familial osteonecrosis were heterozygous for
the TRPV4 mutation while all 49 sporadic patients (supplementary table S2) were wild type for
the mutation. No amplification was seen in the absence of template (NTC, non-template control).

Supplementary Figure S3. Whole exome sequencing results. Upper panel: IGV view of
proband DNA read alignment, showing the c.2480_2483delCCCG deletion and c.2486T>A
substitution in exon 13 of TRPV4. Middle panel: UCSC view of the region indicates high
conservation of amino acid residues.

TRPV4

Supplementary Figure S4. Exome variant filtering scheme. Variant filtering pipeline as
described in the Methods section was used to obtain 1085 variants of less than 0.005 frequency.
Number of variants in different categories is shown. Collagen variants were further analyzed due
to the known involvement of COL2A1 in inherited osteonecrosis of the femoral head. TRPV4
was also selected for further study due to its involvement in bone related phenotypes.

Supplementary Figure S5. Identification of TRPV4 mutations in proband cDNA. Upper
panel: Agarose-gel electrophoresis of an RT-PCR reaction shows a band representing a 229 bp
cDNA amplicon. A band representing a 766 bp gDNA amplicon is absent. Resolution on the
1% agarose gel was insufficient to resolve wild-type and mutant amplicons differing in size by 4
bp. Bottom panel: Sanger sequencing chromatogram of the gel-extracted 229 bp proband cDNA
amplicon identifies the heterozygous TRPV4 mutation. These findings indicate that mutant
mRNA, harboring a heterozygous mutation in the last exon of TRPV4 is not degraded by
nonsense-mediated decay in proband fibroblasts.

Supplementary Figure S6. Schematic diagram of the TRPV4 protein. Functional domains
and all pathogenic mutations are indicated. The novel mutation is indicated in red. The diagram
is adapted from ref. [16].

Supplementary Figure S7A. TRPV4 mRNA expression in control and proband fibroblasts.
Total TRPV4 mRNA expression was determined by qPCR assay. The assay did not distinguish
between wild type and mutant TRPV4 mRNA.

Supplementary Figure S7B. TRPV4 mRNA expression in wild type and mutant TRPV4
transduced cells. Total TRPV4 mRNA expression was determined by qPCR assay.

Supplementary Figure 8. Expression of wild-type and mutant TRPV4 in stably transduced
HEK293 cells. (A) Anti-FLAG Western blot against whole-cell lysates detected three bands
representative of TRPV4 as previously observed in literature [18 19]. (B) Relative expression of
TRPV4 in transduced cells quantified by densitometry (n = 4, p = 0.0016).

A

B

Supplementary Figure S9. Western blot of PNGase F deglycosylation of wild type TRPV4.
Deglycosylation of wild type TRPV4 whole-cell extracts with PNGase F confirmed glycosylated
TRPV4, abolishing upper bands attributed to glycosylated isoforms.

Supplementary Figure S10. TRPV4 mRNA expression in fibroblasts and transduced cells.
Total TRPV4 mRNA expression was determined by qPCR assay. TRPV4 mRNA was >100-fold
in transduced HEK293 cells relative to fibroblasts.

Supplementary Figure S11. All-points histograms of TRPV4 sparklet fractional
fluorescence (F/F0) show that quantal amplitudes are not altered by TRPV4 inhibitor. A fit
of multiple-Gaussians to the all-points histograms showing evenly spaced levels (quantal
amplitudes) at 2 mM extracellular Ca2+ in the transduced HEK293 cells (A) and fibroblasts (B)
before (left) and after the addition of TRPV4 inhibitor GSK2193874 (GSK219; right). The data
were pooled from 3-8 fields. GSK219 altered the activity of TRPV4 sparklets (supplementary
figure S12), but did not alter the quantal amplitudes supporting the concept that TRPV4
sparklets represented single channel openings of TRPV4 channels in both the TRPV4 -transduced
HEK293 cells and fibroblasts.

Supplementary Figure S12. Inhibition of TRPV4 sparklet activity in the WT TRPV4transduced HEK293 cells and control fibroblasts. A. left, Representative F/F0 traces showing
sparklet activity before and after the addition of a selective TRPV4 channel inhibitor
GSK2193874 (GSK219; 100 nM) in WT TRPV4-transduced HEK293 cells in the presence of
cyclopiazonic acid (CPA); right, averaged TRPV4 sparklet activity (NPO) per site and per field
(n= 3-4 fields and 3-30 sites). B. left, Representative F/F0 traces showing sparklet activity before
and after the addition of GSK219 in control fibroblasts in the presence of CPA and 3 nM
GSK101 (TRPV4 agonist); right, averaged TRPV4 sparklet activity (NPO) per site and per field
(n= 4-6 fields and 3-27 sites).

SUPPLEMENTARY TABLES
Supplementary Table S1. Thrombophilia markers/genetic mutation analysis of affected
family members.

Supplementary Table S2. Characteristics of the patients with inherited or sporadic
osteonecrosis.

Supplementary Table S3. Candidate genes identified after variant filtering from whole
exome sequencing of proband genomic DNA.

Supplementary Table S4. Table of primers used for Sanger Sequencing.
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